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m i c a  REACTIVITY AND S~TBESIS AT CRYOGENIC TEMPERATTJRES~ 

b 
Henry A .  MeGee, JrL 

G e  o r g i  a I n  s t i tu t e o f Te c hno 1 o gy 

Research a t  Extremes of Environment 

There have been many n a t i o n a l  and i n t e r n a t i o n a l  s c i e n t i f i c  and technologi-  

c a l  ga the r ings  i n  r ecen t  yea r s  i n  which t h e  s u b j e c t  o f  d i scuss ion  has  centered  

around p h y s i c a l  and chemical i n v e s t i g a t i o n s  a t  extremes o f  environment. Phenom- 

ena a t  extremely h igh  pressures ,  a t  very h igh  temperatures  a s  well a s  s t u d i e s  

a t  cryogenic  temperatures  have each a t t r a c t e d  t h e  a t t e c t i o r i  o f  many i n  t h e  

s c i e n x i f i c  community becaLse of  t he  dual s i g n i f i c a n c e  of  much o f  t h e  work t o  

bo th  t h e  fundamenta l i s t  who i s  int>erest .ed i n  understanding na tu re  and t o  t h e  

app l i ed  s c i e n t i s t  who i s  concerned with t h e  u s e f u l  a s p e c t s  of  t h e  products  and 

phenomena t h a t  may be produced. 

P resen t  technology permi ts  experimentation a t  s t e a d y - s t a t e  p re s su res  o f  up 

t c  about  400,OOC atm. :.l\co 

icto diamond, s t c d i e d  t h e  m i s c i b i l i t y  cf y-ar tz  acd water ,  prcduced m e t a l l i c  

By sljch t ecb iq? ;e s ,  workers have ro rve r t ed  g raph i t e  

sulphur ,  and performed many o t h e r  j u s t  a s  e x c i t i n g  experiments ,  The s o l i d  s t a t e  

phase t r a n s i t i o n  of  f e l d s p a r  i n t o  jade,  which occurs  a t  very  near  t h e  tempera- 

t u r e  and p res su re  condi t ions  a t  t h e  Mohoro-Ticic Di scon t inu i ty  has  been c i t e d  i n  

d i s c u s s i o n s  of t h e  famous Mohole P ro jec t .  

a Much o f  t h e  r e sea rch  descr ibed  herein a s  o r i g i n a t i n g  from t h i s  I n s t i t u t e  was 
supported by NASA throligh t h e i r  g ran t  number NSG-123-61. 
g r a t e f u l l y  ackxowledged 

Research Assoc ia te  P ro fes so r  o f  Chemical Engineer ing.  

Numbers i n  parentheses  r e f e r  t o  l i t e r a t u r e  c i t a t i o n s  i r ,  t h e  Bibl iography.  
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A t  temperatures  of up t o  about 3500' 2: a bewilder ing var1et.y of  unusual 

and l a r g e l y  idsexpected vapor spec ies  have beer  observed ( 2 ) ?  

examples a r e  S i  C " ,u2, Sr2, A120, B202, ,K@H) a r d  many o t h e r s .  These 

have a l l  been ide r? t i f i ed  by the  use of va r i cus  phys ica l  devices ,  the  most, power- 

f u l  of which has  been the  f a s t  i n l e t ,  l ine-of -s ight ,  mass spectrometer .  Although 

t h e  ex i s t ence  of  more romplex r a t h e r  than  f ragmertary molecvles a t  high tempera- 

tlJres may seem a t  f i r s t  t o  be anomalous, t h i s  s i t v a t i o n  may be adequately ex- 

p l a ined  us ing  thermodynamic arguments- Actna l ly  most compounds t h a t  seem rea -  

sonable combinaficns of tke cons t i t uen t  elements from valenzy cons ide ra t ions  

w i l l  l i k e l y  e x i z t  i r ,  t h e  high temperature ecvironment- The prcblem i s  t o  re -  

move t h i s  des i r ed  moie-,;ie before  it i s  des t rcyed  by the same enviro9ment t h a t  

l e d  t o  i t s  genera t ion '  This i s  one of  t he  major reasons why high temperature 

chemical syntheses  have been, f o r  the  most p a r t ,  d i sappo in t i cg -  However, t h e  

p o s s i b i l i t y  of producing new m a t e r i a l s  with i n t e r e s t i i g  p r o p e r t i e s  by t h e  

jud ic ious  choice of parent  subs ta rce  probably combined wi th  some s o r t  of  

r ap id  quenyh technique)  

search  i n t e r e s t  

A few random 

I 

5' 2 '  d3' 2 

i s  c z r t a i n l y  ev ide r t  3rd i s  a current,  v igcrous  re- 

A t h i r d  e x o t i c  type of syn thes i s  arrargemen5 inirolires f i ss io-? .hemis t ry  i n  

which t h e  chemical r e a c t c r  corztairis f i s s i o c a b l e  m a t e r i a l  eusper,ded i r ,  t h e  

r e a c t a n t s  ( 3 ) .  Here up 50 84 pe r  c e c t  of the  e rergy  r e l eased  i n  a f i s s i o n  i s  

r e c o i l  energy which i s  depos i ted  i n  a narrow t r a c k  where i t  may d i s s o c i a t e  or 

e x c i t e  r e a c t a n t  spec ies  which then combine t o  fcrm the  d e s i r e d  product,, The 

syn thes i s  of  N E from by t h i s  technique i s  promising, blJt The whole a rea  

i s ,  l i k e  t h e  o t h e r s  mertioned here ,  i r ,  i t s  in fancy*  

2 4  3 
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, H i s t o r i c a l  Perspec t ive  

Chemistry a t  cryogenic temperatm-es i s  both  a very  o l d  ar?d a very  new 

f i e l d  of  i n q u i r y  (4) ( 5 )  Although the  f i r s t  observa t icn  o f  chemical reac-  

t i v i t y ,  o r  more proper ly  t h e  l a c k  of i t ,  was r epor t ed  by Dewar i 3  1885 wi th  

h i s  observa t ion  t h a t  n e i t h e r  P, Na, K, H S, nor  EX would r e a c t  w i t h  l i q u i d  

02; t h e  f i e l d  h a s  n o t  rece ived  wide a t t e n t i o n ,  For a s tudy  t o  have maximum 

s i g n i f i c a n c e ,  it i s  necessary  t o  follow the r e a c t i o n  o r  tc c h a r a c t e r i z e  t h e  

2 

products  a t  ;he low temperature,  s inpe  t h e  new products  and u m s v a l  e f f e c t s  

o f t e n  depend or  t h e  maintenance o f  t h e  low +,emperatlire f o r  t h e i r  e x i s t e n c e -  

The more e a s i l y  obta iced  a n a l y s i s  o f  the p rcduc t s  a f t e r  warming t o  room 

temperature  i s  o f t e n  r e l a t e d  t o  t h e  chemistry a t  t h e  low temperature  i n  a 

complex and ur!kcown manner due t o  the  r e a c t i o r s  which ccc' ir  dur ing  warmup, 

Most experiments have beer  of t h i s  more q u a l i t a t i v e  o r  i n d i r e c t  na ture ,  b u t  

it has  seemed worthwhile t o  mention severa l  o f  them i n  t h i s  review. 

Sometime a f t e r  Dewar's i n i t i a l  experiments, Eenr i  Mcissan ,%e d i scove re r  

o f  f l u o r i n e )  came t o  t h e  Royal I n s t i t u t i o n  and he and Dewar performed some i n -  

t e r e s t i n g  and s t i l l  c o n t r o v e r s i a l  low temperatcre chemical r e a c t i v i t y  s t u d i e s  

wi th  f l - i o r i n e  and hydrogen. 

bubbled beneath t h e  s i r f a c e  of l i q u i d  f l u o r i n e  (85 

temperatures ,  l i q u i d  hydroger, (20 

c o n t a c t .  

They found t h a t  hydrogen gas would i g n i t e  when 

0 K), and a t  s t i l l  lower 

0 
K )  and s o l i d  f l z o r i n e  would explode or! 

This  i s  a t r u l y  remarkable r e a c t i v i t y  a t  such a low temperature,  and, 

a l though hard t o  accept  k i n e t i c a l l y ,  i t  h a s  been exper imenta l ly  v e r i f i e d .  

Perhaps %he r e a c t i o n  i s  r e l a t e d  i n  some marner To t h e  c r tko -pa ra  hydrogen pro- 

blem, and, indeed, it i s  now p o s s i b l e  t.0 look at, t h e  chemist.ry cf l i q u i d  o r tho -  

a s  w e l l  a s  para-hydroger (6 )  

-3- 
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Dewar a l s o  o r i g i n a t e d  t h e  not ion  of $rapping h igh ly  r ea2 t ive  i c t e rmed ia t e s  

produced by some h igh  energy process  by 1 , s i ~ g  a r ap id  q,ench to -ryoger?ic temp- 

e r a t u r e s  i n  experiments performed i n  1910. He r epor t ed  t h a t  a t  l i q u i d  a i r  temp- 

e r a t u r e s  an  explos ive  ma te r i a l ,  presumably SS, could be frozen f r c m  tke  effliiect 

gases  from a glow discharge  i n  f lowing CS vapor .  If warmed mu-h above l iqGid  

a i r  temperatures ,  t h e  substance would explode wi th  an aud ib le  p ing  and a f l a s h  

o f  l i g h t ,  

modern r e s e a r c h  may be made. F i r s t ,  the d ischarge  was esseL5.a l  t o  the expe r i -  

ment? With few except ions,  i t  i s  necessary t c  1,ee scme a c f i v a r i p g  techriq1;e to 

prodilce r e a c t a n t s  tkatu w i l l  e n t e r  i n t o  :hemipal processes  a t  rrycg?r, ic tempera- 

t u r e s d  The r e a c t a n t s  a r e  u s u a l l y  f r e e  r a d i c a l s ,  e l e c r r c r i c a i l v  exc i t ed  spec ies ,  

o r  s p e c i e s  otherwise posses s ing  an i n o r d i n a t e l y  h igh  i 3 re rgy  

products  which ccn ta in  elements e x h i b i t i n g  ari x.dsda1l.y high or promc%ed Fhemical 

va l enceb  

t r i c  glow d ischarges ,  (2) pyroiyses ,  ( 3 )  photo lyses ,  a i d  ' h i  a r - s  altd flames 

submerged i n  a sl-i table c ryosolvent ,  These f a c t s  l e a d  immedia'Fly t c  +he 

second p c i n t ,  namely t h a t  formidable problems i n  experimental  des igr  a r i s z  from 

the  mutual ly  ex' iusive needs t o  opera te  a h igh  energy gePeratio.1 p ro res s  i r  

c l o s e  proximi ty  t o  a c ryogen ica l ly  cooled shemical r e a c t o r ,  

a r ea  then o f  modern r e sea rch  i s  t h a t  of experimectal  d e s i p -  which i n v c l ~ ~ e s  both  

t h e  a c t u a l  ca r ry ing  o u t  o f  t h e  experimect, a s  w e l l  a s  e f f e c t i l r e i y  ins t rument ing  

it. A t h i r d  s i g n i f i c a n t  p o i n t  i s  t h a t  mooitor ing of  t h e  reac' t ion musr, be pe r -  

formed a t  t h e  low Lemperature s ince  c l e a r l y  wa-ming can des t roy  :he spec ie s  o f  

i n t e r e s t  

2 

From these  very  e a r l y  s tud ie s  s e v e r a l  observa t iops  important  t o  

This may l e a d  t o  

me s e v e r a l  a c t i v a t i n g  processes  t h a t  ceem ~ G S :  i i sa fk l  a r e  (1, e l e c -  

A majcr  problem 
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U t i l i z i n g  t h e  d ischarge  h b e ,  subsequent i n v e s t i g a t o r s  have observed t h e  

r e a c t i v i t y  of E ,  N and 0 atoms wi th  simple molec,;les arid have report;ed mostly 

q u a l i t a t i v e ,  b u t  i a t e r e s t i n g ,  acc0unt.s o f  t h e  formation o f  colored prodv.cts 

which f r o t h  and decompose on warmirg,sometimes a l s o  exploding or ?mi+",ing vis ible  

l i g h t "  Discharges i n  mixed gaseous reactar i ts  w i th  t h e  d ischarge  tube immersed i n  

some cryogen have a l s o  led t o  i n t e r e s t i n g ,  b x t  l a r g e l y  q u a l i t a t i v e  information 

Ozone formation by querching t h e  e f f l u e n t  gas from a d ischarge  i n  O2 gas t o  77 

o r  t o  Lo K has  been mmh s tud ied  (-7) arid it appears  ?ha': i n  svck  a proc,ess a 

t y p i c a l l y  5 p e r  cent  0 atom concent ra t ion  i r  0 when quenched t o  77 K, w i l l  

91. a n t i  t a t i v e l y  prodlj c e 0 

0 

0 

2' 

by ar, vndoubredly he t erc ger eou s rea  ?ti cn , 3 

770 0 t M, 0 .p O2 d M +  3 

Tnree body c o l l i s i o n s  a r e  not p reva len t  enough f o r  t h e  r e a c t i o n  +c be homogen- 

e o u s >  Presumably a t  some 0 atom concentrat ion,  t h e  competing r eac t ion ,  

would become s i g p i f i c a n t ,  but, +he  threshold  ccr.cen+ r a t i o 2  i s  Lr,krowrt 

P y r o l y s i s  followed by cryogepic qwrek, has  been l ~ E s U 2 C e s S F J i l y  -,se3. i n  

a t t empt s  to prepare  S a s  a cryogenic l i q u i d  wl-izh was p red ic t ed  TC be s i m i l a r  

t o  02'. 

0 w i l l  y i e l d  0 b u t  no NO, Colored modi f ica t ions  of meta ls  such a s  r ed  se l en -  

ium, yellow a r s e n i c ,  o r  red  magnesiium have been s i m i l s r l y  produced a r d  appa ren t ly  

2 

A h o t  glowing wire o r  r e f r a - to ry ,  when s-Abmerged iAc l i q u i d  a i r  o r  l i q u i d  

2 3 

have unusu.al p r o p e r t i e s .  

The p h o t o l y s i s  of  l i q u i d  0 wi th  product ior  of 0 has  been known a l n c s t  s i x e  
2 3 

t h e  f i r s t  a v a i l a b i l i t y  of l i q u i d  0 Photo lys i s  o f  liq7,id 0 s01o t io r s  (which 
2 O  2; I2 
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. a r e  misc, ible  i n  a l l  p ropor t ions )  r e s u l t s  i n  the  formatior? o f  0 F and 0 F 
2 2  3 2' 

Cryogenic p h o t o l y s i s  i s  a z t r a c t i v e  s ince  oce may break a p a r t i c L l a r  bond and 

Thereby produce the  p a r t i c u l a r  d e s i r e d  r e a c t a n t  spec ie s  d i r e c t l y  i n  t h e  cold 

environment Pho to lys i s  i s ,  however, u n a t t r a c t i v e  from tlhe p o i n t  of  view of 

q u a n t i t y  y i e l d  i E  syEthes is  u n l e s s  a chain menhanism i s  involved.  

Submerged a r c s  i n  l i q u i d  a i r  produce n i t rogen  oxides ,  and, wi th  n i t rogen  

o r  oxygen d i s so lved  i n  l i q u i d  argon, the t.eehriqide has  been used i n  atkempt- 

i n g  t o  prepare  new oxides  or n i t r i d e s  of t h e  e l e s t r o d e  m a t e r i a l L  S imi l a r  

a t t empt s  t o  produce a r g i d e s  of  t h e  e l ec t rode  have f a i l e d ,  but- perhaps tk,e 

experiments should now be repea ted  s ince  K r ,  X e  and Ra compourids have i n  the  

l a s t  yea r  become w e l l  known (8) .  

Submerged flames of  H CO, H S, and 'r' H wi th  the  flame gases  i n  d i r e c t  2' 2 -2 2 

pontac t  wi th  l i q u i d  0 o r  l i q u i d  a i r  permit ,  i n  p r i n c i p l e ,  both The quenching 

o f  r eap t ion  ip t e rmed ia t e s  from t h e  flame a s  w e l l  a s  chemical r e a c t i o n  between 

t h e s e  spec ie s  and the  cryogen i t s e l f ,  0 NC, 3 0 SO e x , ,  have been re- 

covered from %he warmed f i l t r a t e s  and res idues  from such pro=esses .  

2 

3' 2 5'  2 

Modern Research 

The a r e a  of  low temperature  chemistry s o r t  o f  ereeped a l o r g  u n t i l  t h e  

e a r l y  1950's when two s t r i k i n g  experiments caught The i n t e r e s t  o f  many sc ien-  

t i s t s  and ( a l s o  q u i t e  s i g n i f i c a n t l y )  %he i n t e r e s t  o f  c e r t a i n  people  i n  t h e  

government who were a b l e  t o  provide l a rge  sims of money f o r  research .  It was 

observed t h a t  when t h e  e f f l u e n t  from a p y r o l y s i s  o f  hydrazoic  acid:  FI 

quenched t o  77 K, a b lue  s o l i d  was formed which on warming thrcugh 148 K 

would b leach  and y i e l d  ammonium az ide ,  NH N 

experiments,  a s  it were, involved t h e  quenchicg of  t h e  e f f l u e n t  from a 

was 
3' 

0 0 

The second o f  t hese  " c a t a l y t i c "  4 3 '  

-6- 
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0 
microwave d ischarge  i n  n i t rogen  t o  k . 2  KO The i c e  t h a t  was thus  formed 

I 
I emi t t ed  a b r i l l i a n x  green glow which was i r t e r n p t e d  by i n t e r m i t t a n t  blbe 

f l a s h e s  which appeared a s  a flame f r o n t  moving 5hrough t h e  s o l i d  m a t e r i a l .  

The compositior! o f  t h e  b lue  s o l i d  from HN i s  s t i l l  no t  undersC,ood tcday, 3 
b u t  much i s  now known about  t h e  green and b lue  glowing n i t rogen .  C lea r ly  

I e n e r g e t i c  chemical processes  can occur  a t  low temperatures  and many people 

f e l t  t h a t  cryochemistry could thereby  lead  t o  new and powerful rocke t  fiJels. 

With t h i s  ob jec t ive ,  s eve ra l  m i l l i o n s  of d o l l a r s  were spent  i n  $his  country 

i n  a bnique acd concerted e f f o r t  t o  l ea rn  more aboQt the  Zonditions per -  

m i t t i n g  t h e  s to rage  of high energy low moleci,lar weight free r a d i e a l s  a t  

cryogenic  temperatl ires,  i n e e ,  spec ie s  l i k e  H, N, 0, OH, SEE 

This work was centered  a t  t h e  Hat ional  Bureau o f  Standards and a t t r a c t e d  

HOP, e t c .  (9)  3' 

v i s i t i n g  workers from indus t ry ,  government and u n i v e r s i t i e s ,  bo th  from 

wi th in  t h i s  country and from abroado It, has been a p t l y  s a i d  t h a t  f r e e  

r a d i c a l  chemistry ran  f o r  a whi le  whereas before  it had only  walked- Disap- 

p o i c t i n g l y  f o r  those  who had v i s i o n s  of a sGper powerful p r o p e l l a c t  coming 

from t h i s  work, i C ,  has  tu rned  oLit t h a t  no l i g h t  free r a d i 2 a l  has  been p re -  

pared i n  eoccen t r a t iop  even remotely approaching use fu lness  e-Jer_ thcug$ 

v i r t u a l l y  every experimental  generat ion,  t r a p p i c g  and i d e n t i f i c a t i o n  tech-  

nique has  been inves t iga t ed - -a t  l e a s t .  ali of  t.he obvious ones and many o f  

t h e  n o t  so obvious ones,  It appears  t h a t  t h e  a c t i v a t i o n  energy f o r  t he  

recombination of l i g h t  free r a d i c a l s  i s  zero,  whichj  i f  t r u e ,  nega%es a l i  

b u t  ma t r ix  i s o l a t i o n  procedures  and i s  hence r a t h e r  u n i n t e r e s t i n g  from t h e  

p o i n t  of  view of s y n t h e s i s ,  The unpaired e l e c t r c n  cf t h e  free r a d i c a l  

( d i r a d i c a l s  l i k e  0 have two unpaired e l e c t r o n s )  may furc.tiofi a s  an 2 

- '(- 



. e x c e l l e n t  probe which, through t h e  app l i ca t ion  o f  physic.al a n a l y t i c a l  tech-  

n iques  such a s  e l e c t r o n  spir; resonance, nuc lea r  magnetic resop,ance, opfic,al  

spectroscopy,  e l c  , have l e d  t o  a much betTer  understanding of  +,he s t r u c t j r e  

of  t h e s e  spec ie s  axd t h e i r  i n t e r a c t i o n  with t h e i r  environment than was here-  

t o f o r e  p o s s i b l e  

But ,  t h e r e  i s  another  whole approach t o  low temperature  zhemistry t h a t  

o f f e r s  much more promise f o r  y i e l d i n g  product m a t e r i a l s  i n  usefiJl  concentra- 

t i o n s  and amounts Whereas i n  f r e e  r a d i c a l  s t a b i l i z a t i o c  one a r r e s t s  o r  

s t o p s  chemical processes  by means of  a mat r ix  i s o l a t i o n ;  i n  syr?flr,csis s t u d i e s ,  

t h e  observa t ion  o f  t he  chemical process  becomes now %he essepce cf the  expe r i -  

ment. 

d e t a i l e d  s tudy  by a v a r i e t y  o f  techniques.  Typica l ly ,  i n  t he  l a t t e r  a r ea ,  

t h e  CE would be pumped i n t o  a cryogenic r e a c t c r  and one woLld observe t h e  

r e a c t i o n s  t h a t  m i g h t  occur  and t h e i r  ra tes .  

I n  t h e  former a rea  one m i g h t  p r c h c e  carbere ,  CH2, aad t r a p  it f o r  a 

2 

The kind  of  experiments t h a t  one may do acd the  na tu re  o f  t h e  r e su l t s  i s  

b e s t  i l l u s t r a t e d  by looking at .  s e v e r a l  cu r ren t  examples 

A group of  RGssiag workers have synthesized hydroger siJperpercxide by 

0 t h e  r e a c t i o n  of  atomic hydrogen wi th  l iqi l id  ozone a t  77 K, v s i n g  a r e a c t o r  

a s  schemat ica l ly  showx i n  Fig.  1, The dark  plirple f i l m  o f  l i q u i d  ozone 

which i s  depos i ted  on t h e  i n n e r  w a l l s  o f  t h e  r e a c t c r  b leaches  du r ing  con- 

t a c t i n g  wi th  atomic hydrogen t h a t  i s  pumped from t h e  d ischarge  tube .  The 

low temperature  slvbstance has been s tudied  by e l e c t r o n  s p i n  resocance, by 

x-ray d i f f r a c t i o n ,  by ca lor imet ry  agd by s<oichiometry,  and a l l  r e s u l t s  

i n d i c a t e  t h a t  H 0 does e x i s t .  It. i s  presumably formed by t h e  r e a c t i o n  

sequerice 

2 4  
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Some chemists  s T . i l l  ques t ion  t h i s  i n t e r p r e t a t i c f i  however. 

The s y n t h e s i s  of  %he series of oxygen f l u c r i d e s ,  02P2, 0 ?J a r d  04F2 has  3- zl 
r e c e n t l y  been w e l l  e s t a b l i s h e d .  These syn5heses have irlrolved a glow discharge  

i n  t h e  mixed elemects  a t  low presskres a r d  wit,h t h e  d i s?karge  YUbe r e a c t o r  

immersed i n  a cryogenic r e f r ige ran%,  usua l ly  liq1,id C Eayh o f  C,kese Froducts  2 

is unsfable  and zcne e x i s r  3% a s  h i &  a rcov *emperat-r?o 

blood red l i c p i d  inie15zg pain: i s  82 

appearance,  apd C F i s  an oracge-red Felid which me l t s  s: 1lG IC, Botk cf these 

A- 9C" K, '3 I; i , c  a 
3 2  

0 K )  r a t h e r  r e s m b l i r g  l i q z i d  brcmine i n  

0 

2 2  

molecules w i l l  e x i s t  oc ly  a s  l c n g  a s  t b e  low %emperakre  i s  main:ained, C F 
3 2  

0 decomposing above 90 K (10) acd 0 F above 113' K (1l)- I s - . e r e s t ing lyp  0 F 

i s  l i k e l y  the  mos: powerful o x i d i z e r  krown a s  it, w i l l ,  at l iqlJ id  a i r  :,emperature, 

2 2  3 2  

3 '  
i g n i t e  o r  explode cc conzact wizh a wide v a r i e t y  cf ;ibsxz:rces ir-:i?dir,g TJH 

SH4, S, and 1 (12) .  0 F i s  s i m i l a r l y  r e a p t i v e  with rhe p l z z e l i n g  p rope r ty  cf 

forming s i m i l a r  apFea r i rg  p!rplr compc-,ndc when rcacxed a t  - -z ry  l c w  tempeia+1Jre3 

2 2 2  

with  C L ~  o r  molecsles  zcn?a i r i?g  mcrovalect ch lo r ine  \13) LiqLi3 o F will 

i g n i t e  CEL, NH. H 0, B r  PF and E F or  :cnL,a,;t at. +empera+Ares of  aboL5 

110 t o  130 K ,  b u t  i r  the same tempera2u're r eg ion ,  it i s  Lnreact,i.rTe C,ow&rd 

2 2  

3' 2 2' 3' 2 L  
0 0 

Ca, Mg, N20LJ ClF, am3 NF (lk}, 0 F r e a c t s  very s t rong ly  wi%h red  phosphorus 

ir, both  a s o l i d - s o l i d  r e a z t i o n  ai; 77 E a s  well a s  W ~ E D  thle ~ ~ Q S P ~ G T ' J S  i s  d i s -  

2 3 2 2  
0 

persed  a s  a s l u r r y  i n  freofi-13 (TF Cl) aCv somewhat higiier wmperst.-zres. 
3 

B L t  one a g a i c  f i n d s  +,ha% the ca tu re  o f  :he lcw t e q e r a ' u r e  c.he=i,zzi be- 

hav io r  beyond t h e  m e r e  observatiofi  t h a t  it o c c x s ,  and cften i n  a e 5 r i k i n g  



-manner, i s  LGkPown dlze t o  t h e  absence of d a t a  o b t a i r e d  a t  t h e  low tzmperatures .  

The needed d i r e c t  l c w  temperature c b s e r ~ i a t i o n  o f  chemical r e a c t i o n s  has  be-n 

accomplished u t i l i z i ~ g  absorp t ion  spectroscopy sirice 1959 For example, photoly- 

s is  o f  s o l i d  P and CO a t  20 

and wi th  C El r a t h e r  than CO, one obta ins  cyclopropaae.  Here t h e  r e a c t i o n  i s  

observed a t  20 K.. I n  argon ma t r i ces  the fo l lcwing  processes  may be observed 

to OCC'JT a t  L 2 K (15): 

0 conta in ing  CH N K r e a d i l y  prod1Acee ke te re ,  CH2C0, 2 2 2  

2 - t  
0 

0 

SH N +E + Pi2, 
2 2  2 

It i s  a l s o  Zlear  t h a t  accumulated chemical evidence 03 warmed produets  may 

i n  some i n s t a r m s  permit reasonable ,  although noT, optimum, ded,:tLo::s about low 

+emperatLre re3Ltion3.  For example, i+, seems c l e a r  from e x p e r i r e x t s  wixh dekter -  

im. t h s t  hydrogen afom a d d i t i o n  t o  some o l e f i n s  fc l lowed by a b s t r a c t i o n  does occidr 

a t  77' K whereas wi th  some other o l e f i n s  t h i s  a b s t r a c t i o n  i s  not apparent  (16)"  

From t h e  propyl?ne r e a c t i o n  wi th  D r a t h e r  +,hari wi th  I? atcms,  It, was e s t a b l i s h e d  

t h a t  v i r t u a l l y  a l l  o f  t h e  propane was formed by: 

rat ,her than  by 

H t n H  +,GH 
" 3 7  3 8  
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. m i d e n t l y  t h e  i sopropyl  r a d i c a l s  a r e  r a t h e r  f r e e  t o  d i f f u s e  i n  t h e  s o l i d  a t  77' K ,  

The r a t e  of  r e a c t i o c  was s t r i c t l y  f i r s t  o r d e r  wi th  r e spec t  t o  propylene a t  up t o  

90 p e r  c e n t  eocversion whether o r  no t  the r e a c t a n t  was d i l c t e d  t o  a so lven t  t o  

s o l u t e  r a t i o  of 1O:l with  eif ,her  C B 

be ing  suppl ied  t o  t h e  s o l i d  f a s t e r  than  they  car, r e a c t ,  aEd s i n c e  t h e  r a t e  i s  

independent of t h e  d i l u e n t ,  t h e r e  i s  no s i g n i f i c a n t  i n t e rac t io r?  betweer, t h e  r e a c t -  

a n t s  acd t h e  d i luent , ,  From r a t e  s t u d i e s  f r c m  77 t o  90 K, t h e  a c t i v a t i o n  energy 

f o r  t h e  hydrogen atom a d d i t i o n  t o  propylene i s  1.5 Kcallmole. 

or SC12F2 (16) Therefore,  t he  H atoms a r e  
3 8  

0 0 

The l a r g e  d i f f e r e n c e s  observed i n  the  r a t e s  of  t h e  low temperat,l;re hydro- 

genat ion o f  s e v e r a l  c l e f i n s  sLggest t he  ex i s t ence  of some small d i f f e r e n c e  i n  

t h e i r  a c t i v a t i o n  energ ies ,  an e f f e c t  not p rev ious ly  observed i n  gas phase k i n e t i c s  

a t  h ighe r  temperatLres ,  The d i f f e r e n t  low temperatkre  r a t e s  Zould a l s o  be a re- 

f l e c t i o n  o f  t h e  d i f f e r e n t  d i f f u s i v i t i e s  of  hydrogen atom2 i n  the  d i f f e r e n t  s o l i d s ,  

b u t  experiments i n  which the  r e a c t i v e  o l e f i n  was covered by a l a y e r  o f  an i n e r t  

p a r a f f i n  hydrocarbon i n d i c a t e d  t h a t  t he  d i f f u s i o p  of  t he  hydrogen atoms i s  pro-  

bably not  r a t e  c o n t r o l l i n g .  

In  con t r a s t  wi th  both  of these ,  the mass spectrometer  seems t o  represent  a 

more gene ra l ly  u s e f u l  and more e a s i l y  underst>andable procedure f o r  chemisal 

a n a l y s i s  a t  cryogenic temperatures  than does any o t h e r  technique.  If t h e  objec-  

t i v e  of  ou r  experiment i s  t o  synthes ize  some new molerule  i r  weighable amounts, 

w e  must demonstrate t3he ex i s t ence  of the s p e c i e s  a t  t h e  cryogenic  %emperaturea 

It w i l l  a l s o  u s u a l l y  be convenient  t o  i n v e s t i g a t e  t h e  e f f e c t  of the Toncentra- 

t i o n  of t he  ac:ive spec ie s  i n  a c  i n e r t  d i l u e n t  on t h a t  s p e c i e s "  p h y s i c a l  s t a b i l -  

i t y  and chemical r e a c t i v i t y ,  The enrichment OD i d e a l l y ,  p u r i f i c a t i o c  of  t k e  

a c t i v e  spec ie s  i s  a l s o  a necessary  p a r t  of the i n v e s t i g a t i o c .  These th ings ,  a s  

-11- 



w e l l  a s  t h e  a n a l y t i c a l  a s p e c t s  of t h e  to+,al experiment must be perfcrmed i n  ways 

n o t  inirolvicg p r i o r  warmap of t h e  reac t ion  o r  product  m a t e r i a l s ,  Absolute temp- 

e r a t u - e  c o n t r o l  i s  e s s e n t i a l  throughout t h e  experiment.  I n  s L d i e s  i n  t h i s  l a b -  

o ra to ry ,  t h e  appara tus  shown i n  F ig .  2 is being  developed i r  an atfempt  t o  m e e t  

t h e s e  requirementso Except f o r  t he  cryogenic a spec t s ,  This  arrangement i s  

r a t h e r  l i k e  t h e  f a s t  i n l e t ,  l i n e - o f - s i g h t  sampling systems t h a t  were o r i g i n a t e d  

by E l t en ton  and subsequent ly  developed by Lossing, Kistiakowsky, Perron and 

Dibe ler  and o t h e r s  (17)" 

t o  d e t e c t  free radic-als ,  and o t h e r  shor t  l i v e d  i c t e rmed ia t e s  i c  rea  

va r ious  s o r t s -  %e xime-of - f l igh t  mass spectrometer  was a d q t e d  f o r  ;&se ir ,  

cryochemistry s ince  :he abserce  o f  t h e  magnets o f  a d e f l e c t i o n  type instrument 

makes f o r  an open s t n c t i t r e  which is read i ly  amenable t o  +,he assembly of  complex 

cryogenic  dewars and a s s o c i a t e d  a p p a r a x s  a r o m d  t h e  ion  soLrce. Some not ion  o f  

t h e  u t i l i z a t i o n  of  t h i s  f e a t u r e  may be i n f e r r e d  f r o p  Fig .  2 0  The sample gas m G s t  

no t  "see" any temperat7x-e o t h e r  than arnbiert prior t o  i;s d i s s o r i a s i c n ,  i on iza -  

t i o n  ar.d a z c e l e r a t i o n  of t he  sample fragmects i n t o  ?k-e ana lyzer  s e r t i o r .  of  she 

spectrometer .  

which i s  shown hanging from the  overhead t r o l l e y  i n  F ig .  2, i s  bui l i ;  i n t o  a p i s t o n  

which t r a v e l s  throkgh an O-ring gland a d  i n t c  a vaci-lum lock  assembly, before  

e n t e r i n g  t h e  spectrometer  i t s e l f .  This a l lows  f o r  easy  withdrawal o f  t h e  cryo- 

genic  u n i t  f o r  adjustments  wi thout  t h e  n e c e s s i t y  o f  breaking  up t h e  vacuum i n  

t h e  main spectrometer  system, A s  shown schemat ica l ly  i n  F ig .  3, t h e  cryogenic  

assembly c o n s i s t s  b a s i c a l l y  of  two pots ,  [ 5 ]  

In  a l l  of these e a r l i e r  a r ra rgemer ts  i t  was p o s s i b l e  

And here  ambient may be a s  low a s  4,2O K The cryogenic assembly 

d a r d  [9], which may be independent ly  

Numbers i n  b racke t s  correspond t o  numbers on F ig .  3. 
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0 
thennos ta ted  a t  any temperazure down t o  aboLt 60 %O L & N Speedomax H, 

a d j u s t a b l e  range, adjust ,able  zero r e c e r d e r - c o r t r o l l e r s  mair, tain t k e  cons tan t  

temperature  of each p o t ,  In +,his arrargement, t h e  c o n t r c l l e r  go-rerm t h e  

power d i s s i p a t e d  i n  a h e a t e r  wound on the c e n t e r  tube  of  each po t  which "bucks" 

t h e  r e f r i g e r a t i o n  t h a t  i s  cont inuously suppl ied  by a f ine l j r  con t ro l l ed  i n p u t  o f  

l i q u i d  nixrogen.  

roughly ba lanc ing  %kese two counterac t ing  in f luences ,  a f t e r  which tke c o n t r o l l e r  

w i l l  ach ieve  a3d maintain the  ba l acze .  With t h e  two p c t s  a t  d i f f e r e g t  tempera- 

t u r e s ,  t h e  conzect ing tlrbe [81 has  impressed upon it  a thermal  g rad ien t  which 

can be made t o  have any d e s i r e d  s lope,  

t h e  bands of i c e s  t b a t  a r e  produced dowr t h e  w a l l s  o f  a U-tube co ld  t r a p  when a 

gas mixture  i s  pumped through it. This  e f f e c t  i s  pror,oicced wher t h e  dewar around 

t h e  t r a p  i s  only  p a r t i a l l y  f u l l  o f  r e f r i g e r a n t ,  This  p a r t i a l  s epe ra t ion  r e s u l t s  

from t h e  d i f f e r e n c e s  i n  t h e  vapor pressures  o f  t h e  s e v e r a l  components. %ne theory  

o f  t h e  g r a d i e n t  t?lbe showr i n  F ig .  3 i s  merely t o  spread oLt t h i s  thermal  g rad ien t ,  

to c o c t r o l  it, and t20 5ake advantage of i t  a s  a rod&+ sepa ra t ion  technique.  Such 

sepa ra t ion  may be p r e r e q L i s i t e  f o r  prodl-cipg 5l-e pkieromeDa o f  i r , t e r e s t  a s  Dewar 

f i r s t  d iscovered .  Althozgh made completely of  r a t h e r  massive copper, ',he o u t e r  

su r f aces  o f  t h e  p o t s  [5] ,  [9]; t h e  grad ien t  tube  C8j; ar,d both s i d e s  o f  The 

r a d i a t i o n  s h i e l d  f7] have been given a heavy n i z k e l  p l a f e  to minimize t h e  r a d i a -  

KO 

Gbtaining a f i x e d  temperature then  i s  a ma t t e r  o f  manually 

0 K/cm,  Every chemist i s  f a m i l i a r  w i th  

t i v e  h e a t  l e a k  from t h e  environment, The c e n t r a l  tube  o f  bo th  r e s e r v o i r s  and 

t h e  g r a d i e n t  tube  wi th  which t h e  r e a c t a n t  subsxanzes may come i n t c  c0n ta - t  have 

each been made chemically i n e r t  by l i n i n g  them throughou.t, w i th  monei. 

A f t e r  a time of  i n j e c t i n g  t h e  e f f l u e n t  from the h igh  Fnergy genes i s  phase 

o f  t h e  experiment i n t o  t h i s  sys-t-em ( t h e  furnace,  d i scharge ,  e t c . ,  i s  mounted i n  



. .  

tke enlarged  i n s i d e  diameter  of t h e  higher temperature  p o t  [5] ) 

s e r i e s  o f  bands of  e r r i c h e d  spec ie s  have been produced i n  t h e  tUbe [ 8 ] ,  

by- appropr i a t e  manipulat ions of t h e  temperature of  t h e  two r e f r i g e r a n t  chambers, 

f i r s t  t h e  highes+ vapor p re s su re  substance, and then the  next  h ighes t ,  and so on 

may be moved down the  tube and i n t o  the lower temperature r e s e r v o i r  [91. This  

r e s e r v o i r  has  ar, ex tens ion  [ll] which is advanced d i r e c t l y  i n t o  the  i o n i z a t i o n  

chamber of t h e  spectrometer .  'Eis extension,  made of  high thermal co rduc t iv i fy  

copper, i s  a t  e s s e f i t i a l l y  she  same temperature a s  i s  t h e  p o t  i t s e l f  ( c a l c u l a t i o n s  

i n d i c a t e  a aaximlxn A7 of  0 9 

i s  0.G20 ir ;  i r s i d e  diameter  by 3 i n J  long, conducts t he  sample gas from t h e  main 

volume o f  the t r a p  i r t o  +#he i o n i z a t i o n  space of  the spectrometer .  The e x i t  end 

o f  t h e  tube  [12] i n j e c z s  t h e  sample d i r e c t l y  i n t o  the  i o n i z i n g  e l e e t r o n  beam 

s ince  wker, i n  ope ra t ing  p o s i t i o n ,  i o e o ,  wi th  t h e  ex tens ion  advanced i n t o  t h e  ion  

source,  The e l e c t r o n  beam makes grazing t a r ,gen t i a l  incider,ce wi th  t h i s  e x i t  p o r t .  

A f a s t  p m p i n g  system (750 l / s e z , )  ma ic t a i r s  :he backgro,vd spec t r a  a t  a s u f f i -  

c i e r t l y  low vall;e 

assume t h a t  a 

Now 

0 
K). The monel hypodermic d e l i v e r y  tl-tbe [l] which 

Tnis assemblv i s ,  o r  w i l l  soon be, used i n  i nves t iga3 ions  of  t h e  s t a b i l i t y  

3 o f  t h e  d iha loca rbe res ,  %he p o s s i b l e  f ree  ex i s t ence  of t h e  hydrides ,  €33 and BH 

a t  cryogenic  temperatures ,  t h e  synthes is  of krypton f l u o r i d e s ,  t h e  r e a c t i v i t y  of 

E, N a r d  0 atoms w i c k  s imple molecules i n  t h e  condensed pkase a+, cryogenic  temp- 

e r a t u r e s ,  and %he condensation of unusual vapors  over  o r d i n a r i l y  low vapor 

p re s su re  parer?? substances which have been hea ted  t o  r a t h e r  h igh  tempera tures .  

The carbenes,  CX2, a r e  i n t e r e s t i n g  because t h e  spec ie s  en2er  i x o  such a wide 

v a r i e t y  o f  r e a c t i o n s ,  bu t  t h e  chemistry o f  %he spec ie s  has  never  been observed 

d i r e c t l y  because they  have never been prepared a s  r eagen t s .  There has  a l r e a d y  

-14 - 



been ope r e p o r t  of t h e  p repa ra t ion  of l i q u i d  CC1 which however had t o  be l a t e r  

r e t r a c t e d  (18) e The i n i t i a l  c la im was based on i n d i r e c t  da t a  - 
2 

%C,h BH and BFI e x i s t  i n  t h e  vapor phase b u t  n e i t h e r  a r e  now known a s  sep- 
3 

a r a t e  e n t i t i e s  i n  the  condensed phase (19) .  The spec ie s  a r e  be ing  made by t h e  

p y r o l y s i s  of B H and by the  r e a c t i o n  o f  atomic H wi th  f i lms  of m e t a l l i c  boron, 2 6  
Stud ies  cf t h e  r e a c t i v i t y  o f  atomic H j  N and 0 wi th  a second r e a c t a n t  i n  

l i q u i d  form o r  d isso lved  i n  a s u i t a b l e  c ryosolvent  w i l l  make more d e f i n i t i v e  

some of t h e  very  i n t e r e s t i n g  b u t  q u a l i t a t i v e  observa t ions  of a s  mcich a s  25 yea r s  

ago The second r eac t an1  i s  he re  composed of those  elements t h a t  are h igh  i n  

cosmic abimdanr-e %e Ll t imate  objectisre i s  a b e t t e r  understandicg of ce r t a i r .  

cosmochemical problems, some of which a r e  mentioned l a t e r  i n  t h i s  d i scuss ion . ,  

A s  ment.ioned e a r l i e r ,  t h e  vapor over many subl iming s o l i d s  o r  b o i l i n g  l i q u i d s  

conta ins  unusual molecules,  and t h e  p o s s i b i l i t y  of ob ta in ing  some of t h e s e  a s  s t a -  

b l e  chemical e n x i t i e s  by cryogenic  techniques i s  an e x c i t i n g  one,  We a r e  p r e s e n t l y  

working wi th  t h e  a l k a l i e  metals ,  t he  vapor of  which con ta ins  high concent ra t ions  

of  dimers ,  

1iq;l id Na a t  i t s  normal b o i l i n g  p o i n t  o f  883' C (20), 

Na which has  a 'Z grolind s t a t e  i s  p r e s e r t  t o  17 mole p e r  cent  over  2 

 ADD^ i ca ti on s 

Synthes is  i s  and w i l l  remain t h e  essence of  app l i ed  o r ,  more p a r t i c u l a r l y ,  

i c d u s t r i a l  chemistry.  Hence, t h e  most s i g n i f i c a n t  p o t e n t i a l i t y  of cryochemistry 

here  i s  t h a t  it p r e s e n t s  a new dimension of p r e p a r a t i v e  chemistry.  One m i g h t  

c a t egor i ze  t h e  s y n t h e s i s  p o s s i b i l i t i e s  a s  e i t h e r  (1) t h e  p repa ra t ion  o f  completly 

new molecules,  ( 2 )  t h e  p repa ra t ion  o r  condensed phases  of spec ie s  t h a t  a r e  o rd in -  

a r i l y  observed only  i n  t h e  gas phase and u s u a l l y  a t  very  h igh  temperatures;  and 

( 3 )  p o s s i b l e  bet ter  r o u t e s  t o  known substances 
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OEe of  t h e  more i n t e r e s t i n g  app l i ca t ions  o f  cryoehemical syn thes i s  involves  

high energy chemical rocke t  propLls ion-  

i n  a PGel-oxidizer p r o p e l l a n t  combination i s  a h igh  s p e c i f i c  enthalpy of t h e  

flame gases .  Low temperature chemical syn thes i s  o f f e r s  promise i n  t h i s  d i r e c t i o n  

because o f  i t s  p o t e n t i a l i t i e s  i n  t he  prepara t ion  of  ( a )  endothermic molecules,  

( b )  o f  s t a b i l i z e d  free r a d i c a l s ,  and ( c )  o f  s t a b i l i z e d  e x c i t e d  e l e c t r o n i c  s t a t e s  

o r  compour:ds invo lv ing  e l e c t r o n i c a l l y  exc i ted  spec ie s  Table I g ives  an ind ica -  

t i o n  o f  t h e  r e l a t i v e  m e r i t s  o f  t h e  types o f  systems t h a t  may poss ib ly  r e s u l t  

from c u r r e n t  r e sea rch  i n  low temperature chemistry.  

The Frimary p rope r ty  that one d e s i r e s  

T A a E  I 

Typical P rope l l an t  Performance Paramet.ers 

React ion 

ZP4-LOX 

€I2 -LOX 

2 E=1/2  H 

Speci f i e  Enthalpy Spec i f i c  Impulse 
( KcaUgm) (#f/#m/sec 

113 8 

106.3  

270 

412 

1170 

2760 

2670 

It i s  not  a t  a l l  hard t o  see t h e  r o o t  of t h e  i n t e re s t  i n  cryochemistry by those  

concerned wi th  h igh  energy p ropu l s ion -  A s  usua l ,  t h e  d i f f i c u l t y  of  t h e  success fu l  

a c c o m p l i s h e n t  o f  t h e  t h r e e  c a t e g o r i e s  of o b j e c t i v e s  l i s t e d  above i n c r e a s e s  d i r e c -  

t l y  wi th  t h e  expected r e t u r n  on t h e  ma te r i a l  a s  a p r o p e l i a n t .  

Pure ozone d i f l u o r i d e  h a s  been tested as an o x i d i z e r  i n  small  s c a l e  l abora -  

Though t h i s  m a t e r i a l  i s  so lub le  i n  l i q u i d  oxygen t o  less  than  one t o r y  engines-  
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' t e z t h  of o3e pe- cent ,  t h i s  small  amour?t i s  s k i l l  s u f f i T i e n t .  t o  make T.he s o l u t i o n  

hypergolLic with hydroc-arboc f t e l s  scch as JP-b, iT-DF?A: ar-d IDW7 i e , ,  tne p rope l -  

l a z r s  igCi t ?  or, coatac? thils  d e l e t i n g  t3e ~ e e d  f r J r  a Pyrl_?t .erhnic  i g n i t e r .  This 

c-QaracZer i s t ie  nakes f o r  a s i n p l e r  propuisiorj system arid i s  a l s o  important  if ope 

d e s i r e s  e l g i n e  r e s t a r t  c a p a b i l i t y  i n  space,  S a h r a t e d  so lv t ior , s  o f  0 F i n  LOX 

a r e  a l s c  hyperga:ic with 1iqGid hydrcgen b u t  imder a s  y e t  ill de f ined  condi t ions  (10) 

These t h i n g s  kave been doneo From a more eso+,eric p o i n t  of view, i t  i s  i n t e r e s t i n g  

3 2  

h + h a t  a t  8 recezT s p p o s i m  CE Advanced P r c p a l s i o n  l,oncepts, a c l a s s i f i e d  paper  was 

yead OF reec- t icns  of t.ke r a r e  o r  i n e r t  gases .  'E,ese workers CY? t a k e  h e a r t  from 

r k e  e s r l i e r  des:cibed s;z-~itheses of  r a r e  gas conpocnds: FVF'D 5 0 ~ g h  :he kr,cwn com- 

pounds er- co t  t.!iem_;elves of  d i r e c t  in+ ,eres t  a s  p r o p e l l a n t s  

Fron a mcre b a s i c  chemical p o i n t  of view, it, i s  z e r t a i n l y  trLte t h a t  cryochemis- 

try p r e s e n t s  B s i m i l a r  r.ew dimension, O m  of  tlle c e n t r a l  problems of  chemical k i n e t  

ice imo lves  the  de te rmina t ion  o f  t h e  reae t ior ;  mecha?ism, i . e . ,  the series of mole- 

c c l a r  ? n ? c u n ~ e r s  whic.ii t oge the r  r e s u l t  i n  the  o v e r a l l  s tozhiometr ic  r e a e t i o n  * B u t  

, -  
1.. - Ts m1J'rki ambiguity- ir t h l s  process ,  so mLc.h so t h a t  i t  i s  sorriet.irnes s a i d  t h a t  

a proposed n;ecns,sism may cn ly  be dis$;rvred, reve l "  proven. The t r o u b l e  a r i s e s  be- 

cause the  ?_4emis+ does not observe buc ~ u s t  r a t t e r  pos tu la%e react . lon inzermedi- 

stes which sre iis-.:aliy f r e e  r a d i c a l s  o r  e x c i t e d  spec ie s  of  va r ious  sorts which have 

a irefy t r ans i tGry  ex i s t ence  sad  f o r  which he has  l i t t l e  i f  any d i r e c t  evidence.  

The techrliqi,es of  low temperature  chemistry pe-mi?, i n  priPncipLe, a d e t a i l e d  observa- 

tion of  t h e  chemical e f f e c t s  of t hese  bas ic  mclecular  eccouri ters .  

One of t h e  mcre e s c t e r i c  epp i i ca t ions  of + h i s  bas ic  chemical information con- 

cerL1s tkcse strarlge pomades o f  space,  t h e  comets. C'oaeta are _omposed of  a s o l i d  

w c l e u s  whirh may be only a few miles i:, diam?i=.r ,  a gas r l a d  o r  head syrrounding 
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t h e  nuc leus ,  and, of  course,  t h e  most. s t r i k i n g  c h a r a c t e r i s t i c  of  a l l - - a  long, 

l ong  t a i l  which may extend m i l l i o n s  o f  m i l e s  through space*  A comet may 

suddenly develop a h a l o  around i t s  head, o r  it, may expel  a j e t  o f  ma t t e r  i n  a 

f i n e  beam usua l ly  toward t h e  sun, even though t h e  t a i l  p o i n t s  away from t h e  

sun a s  a r e s u l t  of s o l a r  o r  l i g h t  pressure .  As t rophys ic i s t s  fee l  t h a t  t h e  

comets '  nucleus i s  composed o f  f rozen  simple molecules formed l a r g e l y  o f  

carbon, hydrogen, n i t rogen  and oxygen such a s  GH 4, 02, C2H2, NEj, e t c . ,  and 

a l s o  con ta in ing  a po r t ion  of meteoric  dust  ( 2 1 ) .  This  a f f a i r  i s  then a p t l y  

c a l l e d  t h e  " d i r t y  snowball" model. 

a r e  i n  some ways embryonic worlds and i f  we could l e a r n  more about  them, w e  

may be a b l e  t o  coc jec tu re  more wise ly  about t h e  o r i g i n  of ou r  own p l a n e t  and 

ou r  s o l a r  system. The behavior  o f  comets w i l l  be understood,  i f  a t  a l l ,  i n  

terms o f  low temperature  chemistry.  

Some a s t r o p h y s i c i s t s  fee l  t h a t  +,he comets 

Conclusions 

I n  th i s  d i s m s s i o n  it has  seemed d e s i r a b l e ,  i f  n o t  necessary ,  t o  d i s c u s s  

fragmentary information f o r  t h i s  seems t o  indeed c h a r a c t e r i z e  low zemperature 

s y n t h e s i s .  But  from it a l l  it seems apparent t h a t  >he chemistry-or iented 

worker i s  today about  where t h e  phys ics -or ien ted  workers were a t  t h e  t i m e  

helium was first. l i q u e f i e d .  With these  newly a t t a i n e d  low temperatures ,  phy- 

s i c i s t s  set  about t h e  ve ry  o rd ina ry  task o f  measuring t h e  e l e c t r i c a l  conduct iv i ty  

of  me ta l s  when so seve re ly  cooled.  Kammerlingh-Onnes c e r t a i n l y  was n o t  looking  

f o r  t h e  phenomenon of  superconduct. ivity bu.t i t s  d iscovery  has  had a very  s i g n i -  

f i c a n t  i n f luence  on sc ience  (and i n  recent  yea r s ,  superconduct iv i ty  has  become 

o f  g r e a t  engineer ing  importance) Discoveries  of  s i m i l a r  magnitbde and s i g n i f i -  

cance a r e  su re  t o  come from b a s i c a l l y  chemical i n v e s t i g a t i o n s  a t  t h e s e  same low 

temperatures  . 
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Figure 1. Apparatus of Kobozev, et al., for Production of H204 
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